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Chapter 1
Introduction

In the early 2000s, scientists began experimenting with creating materials that
could perform tasks not found in nature By manipulating electromagnetic waves
using artificial structures, they successfully developed a new class of materi-
als called metamaterials[? ] These materials exhibit extraordinary properties
for manipulating light Such as making things disappear or capture incred-
ibly detailed images. These materials are called metamaterials.But now, sci-
entists are taking the materials to a whole new level by adding super tiny
quantum elements, creating something they call Quantum Metamaterials. The
Quantum Metamaterizls, made up of quantum elements have specific quan-
tum states which keep those states working together for a really long time.
This is crucial for advanced technologies in fields like quantum sensing and
information processing[? ].The development of such materials entails explor-
ing their suitability for quantum information processing. An intriguing ex-
periment entails integrating quantum emitters into a negative permeability
metamaterial configuration. This essentially means adding tiny light-emitting
particles to enhance the material’s responsiveness[? |. In this study, we inves-
tigate the incorporation of quantum emitters into a metamaterial framework
with negative permeability, thereby enabling the manipulation of tunability
and nonlinear characteristics. Our metamaterial’s nano hybrid molecule, com-
posed of metal nanoparticles and semiconductor quantum dots (SQDs). In
the absence of SQDs, the nano hybrid molecule’s ring functions as an artificial
optical magnetic resonator. The introduction of SQDs induces a Fano inter-
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ference profile, significantly impacting the collective magnetic resonance.This
interference becomes a tool to fine-tune the negative permeability metamate-
rial response Moreover, by delving into the intrinsic nonlinearity of quantum
dots (QDs), we suggest manipulating the magnetic response of the metama-
terial through the introduction of a distinct control field. Additionally, em-
ploying a quantized approach, we conduct theoretical analyses on the optical
attributes of a hybrid system comprising metal nanoparticles and quantum
dots under the influence of an external laser field. This investigation unveils
controlled resonance fluorescence features. The method’s versatility extends
to other nanoscopic structures, presenting potential applications in advanced
technologies [? ]

Nanoparticles : A super small tiny particles, usually of 1 to 100 nanometers
in size. They have special properties because of their size. We may imagen
them as really tiny spheres made of material atoms.

Moreover MNPs arz made of metals like gold or silver, Where as semicon-
ductor nanoparticles are made of materials like InAs or CdS. In cause semi-
conductor nano particles trap an electron and a hole (a missing electron) in all
directions, they're called SODs.

In this study, we're looking at metallic nanoparticles ranging from a few
nanometers to 100 nm. Because there are lots of electrons in these metals, we
can think of them like tiny classical objects. The slightly smaller SQDs, on
the other hand, need a more quantum approach for modeling because of how
electrons are confined inside them.

Nano-Super-Structures : A bunch of really tiny things grouped together
is called a nanosuperstructure. These small-scale setups have special abilities
and can be designed for specific tasks. Thanks to progress in nanoscience, we
can now create and study these nanosuperstructures by combining different
building blocks like nanowires, quantum dots etc. This lets us explore science
that range from classical to quantum mechanics. It’s not just about under-
standing the science; these structures might lead to new devices in quantum
information technology. Imagine being able to move excitations and coherent
states around!

Experiments have shown that we can control where quantum dots land
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near nanowires using a cool process. We've also put together hybrid struc-
tures, like quantum dots connected to metal nanoparticles through biolinkers.
This combo showed efficient conversion of excitons, plasmons, and photons,
leading to enhanced emission rates.

One exciting area is combining semiconductor quantum dots (SQDs) with
metal nanoparticles (MNPs). This mix is a hot topicin theoretical physics be-
cause it lets us study systems that blend classical and quantum physics. It
could even open doorsto sending tiny bits of information and excitations in a
specific direction.

In this thesis, we're diving into the physics of nanohybrid molecules, specif-
ically those made with MNP and SQDs. We want to see how a nearby quantum
dot influences the behavior of a metal nanoparticle. By understanding how
these tiny particles act together, we're unlocking new possibilities in science
and technology.

Application : Quantum Hybrid Controllable Metamaterials offer diverse
applications, including biosensors and medical imaging in Sensing Technol-
ogy [? ], potential invisibility in Cloaking Devices [? ], and superlenses over-
coming diffraction limits. Tailored for Energy Harvesting, they convert specific
eleclromagnetic frequencies into usable energy [? |. In Communications, these
metamaterials enhance signal processing and wireless technologies, while in
Optical Devices [? ? |, they focus different wavelengths for advanced imaging.
Acoustic Metamaterials control sound waves for noise reduction, ultrasound
imaging, and seismic wave mitigation [? ]. In Quantum Computing, quantum
metamaterials contribute to developing qubits and controlling quantum states,
showcasing their versatile potential across various technological domains [? ].
Ongoing research continues to uncover new possibilities, making this field dy-

namic and promising.




Chapter 2
Hybrid Nano - Structure

As illustrated in the schematic diagram shown in Figure 2.1, we examine a
hybrid structure that consists of a two-level QD and a spherical MNP with a
radius denoted as r,, . Positioned at a center-to-center distance marked as d,
the MNP and QD arc immersed in a uniform diclectric medium characterized
by a permittivity denoted as €. This hybrid molecule 1s exposed to both an
external driving field E;,; = Ege™ "' 4 c.c. where E represents the amplitude,
wy is the angular frequency, and c.c. indicates the complex conjugation. Addi-
tionally, it experiences the influence of abroadband squeezed vacuum denoted
as Egy. The polarization of the externally applied electric field aligns with the
axis connecting the MNP and QD structure.[12]

The MNP possesses remarkable aplical characlerislics, allowing il lo sus-
tain LSPs. '1'his capability enables the MNP to amplity and concentrate optical
fields into subwavelength ranges [13]. In the case of plasmonic metals with
a single valence (such as silver, gold, copper, and alkaline metals), the skin
depth (/) for these metals is approximately 25 nm across the entire optical
speclrum [14].For MNP such a small scale where the ry, < s, the external light
field has the capability to permeate the entire MNP. This penetration induces
collective electron oscillations, allowing the MNP to confine electromagnetic
energy in the form of electromechanical energy at the nanoscale. When the
size of the MNP is significantly smaller than the wavelength (1) of the incident
light (... <« A). (it becomes evident that the condition r,.. < A is inherently
met, especially when r,, < [;). The quasistatic approximation proves to be a
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Figure 2.1: llustration of the hybrid system consisting of a spherical MINP and a
QD embedded ina homogeneous dielectric medium with a relative permittiv-
ity of € (in this case, vacuum, ¢; = 1). Both the MINP and the two-level QD are
subjected to an external electric field L;,;. To clarify the polarization direction
of the E.Ppl.ied electric field, we define the major axis of the hybrid MND-QD
system as parallel to the z-axis. Additionally, the hybrid system interacts with
a squeezed vacuum, E..;. Notably, in the hybrid MNP-QD system, there is no
direct tunneling interaction between the MNP and QD. The coupling between
the Localized Surface Plasmon (LSI) in the MNP and the exciton in the QD
arises from the long-range Coulomb interaction, leading to the formation of a
hybrid molecule and facilitating energy transfer . The coupling strength be-
tween the MNP and (D is parameterized by ¢ Other symbals are defined and
explained in the main text.

valuable method for effectively ad dressing the interaction betwesn the MIND
and the incident light field [15]. The quasistatic approximation permits the as-
sumption that the incident light field is nzarly uniform across the entire MINP
sphere. This involwes focusing solely on the time-dependent aspect of the os-
cillating electromagnetic field while neglecting its spatial variations. Within
the quesistatic regime, it ic efficiont to coneider the MNP ae¢ an ideal dipole.
This approach is justified by the fact that the incident field has the capacity
to interact solely with the dipole moment of the MNP, excluding higher-order
mullipoles [16, 17]. When examining the hybrid MNP-OD system, Lhe dipole

approximalion remains valid as long as Lhe separatlion distance between the
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MNP and QD is sufficiently large. Conversely, the QD can be considered as
a pointlike two-level system featuring an excited state |¢) and a ground state
|g), as depicted in the inset of Figure 2.1. Under the influence of the exter-
nal laser, the QD detects the superposition field, which composed both the
external electric field and the polarized electric field generated by the MNP.
Simultaneously, the polarized electric field induced by the QD also influences
the MNF, leading to a self-feedback mechanism between these fields within
the hybrid MNP-QD system. Within the hybrid system, we explore the op-
tical response of the entire system driven by the external field by employing
the dipole-dipole interaction coupling between the LSP in the MNP and the

excilon in the QD.

2.1 Total Hamiltonian Of The Metamolecule

In the presence of an external field E ;,;, the overall Hamiltonian for our hybrid
MNP-QD system, within the dipole and rotating-wave approximations, can be
expressed as:

H =Hy+Hipy + By (2.1)

The initial term on the right-hand side (RHS) of Equation (2.1), correspond-
ing to the unperturbed Hamiltonian(Hy) of the isolated MNP and QD, can be
formulated as

Ho = hwyata + hw, oo (2.2)

Where w,, represents the resonance frequency of the surface plasmon in the

MNP.The spatial diclectric function of the MNP is defined as ¢y (w) = ceo
(Uf, I.IJ'!-.
W KW v 2€p+€so
the plasma frequency of the metal, €., represents the ultraviolet permittivity

.This leads to the relationship w,, = In this context w, denotes

of the metal, and ¢, stands for the relative permittivity of the homogeneous

dielectric in which the hybrid MNP-OD system is embedded.The formulation
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for the surface plasmon resonance frequency of the MNP is approximated as
Wy =~ Jarte, + ¢
m P b oo

The symbols a' and a represent the creation and annihilation operators for the
P]asn': onic field mode of the MINP, and they adhere to the bosonic commuta tion
rclation [a,a™| = 1. For simplicity in notation, we have removed the hat from
the operator. |¢) and |g) denote the excited and ground states of the two-level
QD.c" — |e){g| and ¢ — |g) (e| stand as the dipole raising and lowering opera-
tors for the two-level QD, adhering to the fermionic anticommutation relation
{ct,e} — 1. w, signities the transition trequency of the QL) exciton-to-ground
states, denoted as |g) . The energy of the ground state |¢) is designated as zero
for the sake of simplicity. Additionally, the zero-point encrgy for the free MIND,
Hamiltonian has been neglected . This is permissible as it only introduces arcl-
ative shift and does not alter the dynamics of the MNP-QD systerm under in-
vestigation. The second term on the right-hand side (RHS) of Equation (2.1),
connecled wilh the dipole-dipole inleraclion Hamillonian (I1;,,) belween Lthe

MNP and QD, can be expressed as:

Hing — tﬁg(£z+u — auf} (2.3)

Where g represents the coupling strenglh between the plasmonic field mode of
the MNP and the two-level QD, in accordance with the relationship fig = pe. In
this context, p signifies the transition dipole moment of the two-level QD, and
1t1s considered to be real without any loss of generality. 'Ihe positive-frequency
component of the dipole response field. generated by the oscillating surface

rerl

plasmon mode of the MNP as ="/, is sensed by the QD. I'he expression £, —

tea arises from the induced polarization of the MNP under the influence of

=, = X T 5
the external field. Where the expression for € = ?:f = 5“‘}3" o can be derived
enfi

naturally and cocfficient gis defined as S—‘;&—I v 43%::;% The third term on the right-
hand side (RHS) of Equation (2.1) considers the dipole interaction between the

~]
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MNP and QD with the external driving tield E;,; as a result:
Hoar = _E-Dlu_(o.fe—tw,gr gD o.eiid,gf} . EU{](afe_“"'it + x*tae 1wt 2.9

Here, Ep represents the amplitude of the extermnal driving field is the wy fre-
quency of the external driving field and x denotes the dipole moment of the
MNP.

Etfective Hamiltonian to remove the time dependence 1n the Hamiltonian
under the Schrédinger picture, we can transform it into the interaction picture
through a unitary opcration. To achicve this, we shift the total Hamiltonian
(2.1) of the hybrid MNP-QD system into a rotating reference frame (interac-
tion picture) relative o the frequency of the external driving field (wy). To
accomplish this, the unitary operator is selected as

U(f} - e—swﬂ.f|_'ﬁ+ﬂ—|—€+or} (ZV})

Subsequently, employing Lhe unitary lransformalion formula namely

Herp — UT (1) 1o U(2) — ;w’fu)% (2.6)
After performing some algebraic operations, we can ultimately obtain a time-
indeperdent effective Hamiltonian for the system in the interaction picture.

Thisis expressed as

Hejf — hAma a+ kA cto + Lﬁg-(aJro' — a(rjr) — Lou ((r+ +o) — I:u[;(aJr +x"a)
(2.7)

Here, the symbol Ay = wy  wy signities the detuning of the plasmon reso
nance frequency wyy; of the MNP from the frequency wy of the exlernal driving
laser. Here, Ax = w, — wy = wy;, + A — wy indicates the detuning of the ex-
cilon resonance frequency . of the lwo-level QD from lhe frequency cw; of
the axternal driving lacer.In this context, the symbol A — ¢, — ), denotes the
detuning of the exciton resonance frequency wy of the two-level QD from the

plasmon resonance frequency «w, of the MNP,
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2.2 The Lindblad Master Equation

The Hamiltonian (2.1) mentioned above pertains to a closed quantum system,
and it does not aceourlt for eny lusses within the MINP-OD syslem slemuning
from interactions with the external environment. In reality, considering the in-
fluence of the environment ar reservoir involves coupling the system with the
environment, resulting in the construction of an open quantum system char-
acterized by irreversible dyramics. In this study, our primary focus is on the
hykrid system interacting with a squeczed vacuum, weyy (refer to Fig. 2.1)
This interaction is facilitated through the application of the unitary squeezing
operator 5(&) — exp %{(’,*az — Za'?)|, on the vacuum state interaction specifi-
cally involves the use of a squeezed vacuum, distincl from the vacuum or ther-
mal reservoir [18].Here, & = re’? denotes the squeezing parameter, where the
squeezing strength r,characterizes the degree of squeezing with a value range
of 0 < r < co. The squeezing angle, ¢, represents the direction of squeez-
ing with a value range of 0 < ¢ < 2m. To encompass incoherent processes
and fully characterize the dynamics of the MNF-QD system using the den-
sity matrix operator p, we can utilize the Lindblad master equation under the
Born-Markovian and secular approximaltions [19].

r , -
& — =z [H,pl+ Lywa(e) +Loo(p) @8

Where

Nk ‘ :
Ltew(p) —T(Qa'pa —aa'p—paa')
9 (N+1)x

> (2a0a" — atao — pa'a)

7
Mix &
- T(Zapa —aap — paa)
Mz

T(m+pa+ —atatp — patah)
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and
Lop(p) =5 O pr —aatp — poa)
+ M(Zopaf —otep— po+o'}
— ?{299(; — oop — pov) (2.10)
- M;T(zafpo.‘r W S
: if M(%'Tvpoﬂr —otop — po'o)

2

In the above context, the impact of the squeezed vacuum field is denoted by
the parameters N, M and ¢ respectively.These parameters are intricately linked
to the squeezing parameter ¢ = r¢'# in the following manner [19] N = sinh” (r)
and M — sinh(r) cosh(r)e™ ¥, where N represents the mean number of photons
in the squeezed vacuum, and M signifies the intensity of the two-photon corre-
lation [20].The squeezed vacuum reservoir transitions into a standard vacuum
reservoir when N — |M| — 0. Furthermore, il transforms into a typical thermal
radiation reservoir when N = 0 and |M| = 0 |21]. To maximize the effects of
squeezing, we make the assumption that |[M| — /N (N + 1), representing the
maximum permissible value for |[M [22]. Moving forward, we will investigate
the impact of the squeezed vacuum on the optical characteristics of the hybrid
MNP-QD system, considering the squeezing strength (r) and the squeezing
phase (gb) as the variables.In this context, x = x, + xyr and y represent the
decay rates of the MINP and the QD, respectively. x, accounts for radiation
loss duc to radiation to the far ficld, x,, addresses nonradiation loss caused by

Ohmic loss, and Ydph 18 the dephasing rale of the QD.

10
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2.3 Heisenberg Equation Of Motion

Starting from the quantum master equation, we can derive the coupled equa-

tion of motion for the expectation values of the MNP plasmonic ficld.
da J d
i = b —Te | a= 2.11
of —arrap) — T (aafp) @11)

By substituting Eqs (2.7) and (2.8) into Eq. (2.11) and applying the relevant
commutation relations, we can determine:
Eox

oa K . i
— (7 ks r L 9.8
<af = —(iAm + 2)< a) +g{o) + 7 (2.12)

Similarly, following the same approach as before, we can derive the coupled
cquation of motion governing the expectation valuce of the excitonic transition
operator, which determines the QD polarization, as

do d a2
— — o
Ve af“(”'”) il (”af‘”) (2.13)

Through a series of calculations based on the derived equations, we obtain:

Jdo ) Yiph
)t = (;A_HL [2N+l)% e ) (o) — g(a)

. (2.14)
'L
+2¢(acto) + %(1 —2(ote)) — M*q (o)

From Eq. (2.12), we can obtain the analytical solution for 7 in the steady statc
by equating the left side of Eq. (2.12) to zcro.

_ 8o iEox —
<">_;‘Am+g w(iAm +5) 1)

In the regime of a weak driving field, where the number of excitons in the QD
can be approximately neglected, i.c., (¢fo) < 1, we can obtain

iC i}
oy = SO+ TE— Mryle) 2.16)

11
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The parameters ¢ and y is given as:

Sap |81
— L .
8 d? \ drrenh 2.17)

x = —iey\/ 12neymth?3, (2.18)

and

o - 15 ~
S | =
10k 10 ©
R b
- 5 — 5§ =
> @) _ — _1° =
0 P L " g =
14 16 18 20 22 24
d (nm)
.20 , 120 =
1; 15 {{b) ) 115 g
E 1(:__ b e J:t] &
=] esz oo SElts I =
0 b o =
1 2 3 4 5 6 7 8
r_(nm)
m

Figure 2.2: The graphs depict the coupling strength g between the MNP and
QD, along with the modulus of the complex dipole moment x of the MNP. In
panel (a), these parameters are examined concerning the MNF-QD center-to-
center dis lance d when ry,, = 7 nm. Panel (b) explores the coupling strenglh g
and the modulus of y as functions of the MIN/I’ radius r;; when d = 14 nm. All
graphs maintain consistency with specific system parameters: S, =2, 4 = 0.7
enm, g = 1, ap = 741871 meV, x = 53.28 meV, and ¢o, = 4.6.The blue sohd
line corresponds Lo the lefl axis, while the dashed red line corresponds lo the
right axis in each panel

2.4 Quantum Polarization Operator

After determining both g ard x, we can derive the complete expression for the

total polarizalion operalor P as

P = x"a+ po. (2.19)

12
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1he resonance fluorescence ot the hybrid MINP-QD system is manifested through

the power spectral density. By utilizing the first-order correlation function

<P+(T) P(0)),the corresponding powerspectral densily is defined as Lhe Fourier

Lransform of the first-order correlalion funcltion [19, 23].

S(w) = [ j(p*(r)p(one—w . (2.20)

In the limit of a steady state (+ — o0) we assess the fluorescence spectrum
5(w) utilizing the quantum regression theorem [24]. The intricate nature of the
analytical results necessitates numerical solutions of the full master equation
(2.8). It's important to highlight that all computations are performed in the

rotating frame at the driving field frequency wy.
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Figure 2.3: The fluorescence spectra are presented for a set of parameters S, —
2,y =07cnm, ry =7nm,d = 14nm, ¢, = 1, ¥ = 0.05meV, y4pn = 0.005

meV, ¢ — 0,

I — 1TW/em?, Ay, — 0meV, and A — () meV. The six panels

illustrate distinct squeezing amplitudes: (a) ¥ — 0; (b) » — 0.01; (c) » — 0.1; (d)
r=05()r=1Land (f)r = 2.
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Chapter 3

Metal-Nano-Particale As Nano-Ring

3.1 The MNP Nano-Ring

Now, let’s shift our focus to arrangement the metal nano particles in a ring con-
figuration, which work like a magnet in the visible light range [? ]. Our goal is
to understand the quantum side of this setup, basically, how these tiny parti-
cles behave when we bring in the special molecule we talked about before. This
special addition is expected to bring out some interesting changes, like adjust-
ing how our magnet works and making it respond in a not-so-straightforward
manner. To determine the pt or € of a metamaterial, it’s a standard approach
to separate its response to either an electric or magnetic field, depending on
the specific incident fizld used. Now we calculate ¢ and € using a specific
excitation method, these properties effectively capture how the metamaterial
responds to any form of incident field. Hence, our investigation will specifi-
cally target extracting and understanding the magnetic behavior of the ring [?
| To achieve this, we aoply a high-frequency magnetic field along the normal
axis of the ring, as illustrated in (Fig 3.1). Consequently, the MNPs undergo
the following electric field.

o 1w oRHy

Ep 5

G.1)

Induced by the time-varying incident field H = Hge "'z, where R de-
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notes the radius of the ring, w, represents the frequency of the driving field,
and R, 6, and Z serve as unit vectors within the cylindrical coordinate system.
The displacement field generated within each magnetic nanoparticle is sim-
ilarly aligned along the azimuthal direction. Due to this symmetry, there is
no net electrical response, enabling us to concentrate specifically on the mag-
netic response of the system. A circular displacement field current is initiated,
functioning as a magnetic dipole whose strength is determined by [? .
= fﬁ)PM N pN R

= 3.2
it 2 (3.2)

Where N denotes the count of electric dipoles within the ring and Py p repre-
sents the dipole moment of an individual magnetic nanoparticle. The configu-
ration illustrated in Figure 3.1 emphasizes our consideration of a material dis-
playing magnetic response exclusively along the 2 direction.Therefore, the ma-
terial demonstrates anisotropic behavior.To achieve isotropic behavior across
all directions, it is recommended to employ Achieving this involves creating
a cubic lattice consisting of three orthogonal arrays of nanorings for the ma-
terial. This objective cen be accomplished within a face-centered cubic lattice,
enabling the integration of up to four distinct nanoring orientations within a
single unit cell. [? ]. Moreover,we specifically focus on the scenario where N
= 4, as this represents the minimum number of magnetic nanoparticles within
the ring. This choice ensures that the magnetic dipolar response takes prece-
dence over higher-order multipoles [? ]. It is essential to preserve the accuracy
of characterizing the metamaterial’s magnetic response by considering the ef-
fective permeability parameter.(j.¢), We proceed to derive the expression, as
detailed in the reference [? ].We initiate the calculation of the dipole moment
for an individual magretic nanoparticle within a quantum framework. While,
strictly speaking, a quantum approach may not be essential as the process is
fundamentally classical, we establish the quantum formalism at this stage for
future integration of MNP-QD metamolecules into the ring in the subsequent
section. Consequently, the equations of motion derived through this frame-

work remain applicable even in the classical regime.

14
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Figure 3.1: MNP nanoring

3.2 Hamiltonian Of The MNP Nano-ring

The Hamiltonian of the MNP nanoring is expressed as follows.

H — HO 2% H:'nf + Hd'ri- (33)
where
N-1
Hy= Y hwpihin (3.4)
n=0
N-1 )
Hyy = —Ey Y (X ape™itt 4 xatetwt) (35)
=0

The frequency of inter-magnetic nanoparticle coupling is denoted as Jm. [1
for nearest-neighbor coupling, and [, for next-nearest-neighbor coupling it is
denoted as

J12) = —12me0etr’ Qu(z) (3.6)

15
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The term Q;, represents the scalar interaction between closest (next-closest)
neighborir magnetic nanoparticles.This interaction term incorporates both near-
field and radiative interactions. [? ].We express as

iv2kR
2 e
- (—2®R*+3RY(1 —ikv2R)), 3.7
R 16\/2?(806[,R5( g 2 @)
P2ER kZ 4 o .

Here, k represents the wave vector of light, defined as, k = w V/EaEpflally.

3.3 Expectation Values Of The MNP Nanoring

The complete system Hamiltonian, we can derive the equation of motion, as
{in. Specifically, for N=4 :
ixEqy

(ﬁn\ - 7(IIA|11 o %)(ﬁl‘) T i;] <ﬁi.‘+1> - ‘:;(1 <ﬁu—1} 7 J.177_<"‘iu+2> + fr (39)

Solving the set of coupled equations in the steady state is straightforward due
to the system’s inherent symmetry, resulting in uniform expectation values for
each dipole. Utilizing equations (218) and (2.19), we can express the dipole

moment of an individual magnetic nanoparticle.

|2(|2‘*’P0RHn) ( i + ;2])—1
Pine =\ —mp—my ) \ 154 T 310
Ve ( b+ D)) U T A, 2 (310

3.4 Effective Permeability Of The MNP Nanoring

Subsequently, by employing Eq. (3.2), we can determine the magnetic polariz-
ability of an individual nanoring, denoted as &, = 7. The ji¢ Of system, often
referred to as the metamaterial, can be determined through the application of

16
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the Maxwell-Garnett mixing formula [? ? ].

.
B s
Nd 1("‘»”] +Ié\_n}_l/3

Meff = 1+ (3.11)
The parameter N; signifies the volume of nanorings within the composite sys-
tem. The inclusion of the im term in the denominator is relevant only when
the nanorings are integrated into a regular three-dimensional array. In such a
configuration, the radiative damping of the magnetic dipole is nullified.[? ].

In Fig. 3.1, we illustrate the . of a metamaterial featuring nanorings with
2, 3, and 4 magnetic nanoparticle (MNP) inclusions. While it is emphasized
that the effeclive permeability is physically meaningful only for N=4, we in-
clude plots for N=1,2,3 to demonstrate the influence of a single MNP (indicated
by the vertical dashed line). Both Fig. 3.1 (a) and (b) showcase the material’s
resonance properties, with panel (b) displaying negative real values. The MNP
nanoring is characterized by the parameters from Ref. [? |.

17




Chapter 4

Unite Cell Of Quantum
Metamaterials

4.1 Metal-Nanoparticle - Quantum Dot Nano-Ring

Now, we're switching things up a bit. Instead of the original MNP, we're using
a combination of MNP and QD meta molecules in our nano-ring design as
shown in Fig 4.1 (c). In this scenario, two magnetic dipoles are triggered by the
incoming magnetic field: one created by the MNP ring and the other by the QD
ring. Once more, we employ Eq (3.12) to compute the effective permeability
of a metamaterial comprised of these MNP-QD nano-rings. However, in this
instance, we need to address the presence of two magnetic dipole excitation’s,

while also considering the interactions between MNPs and QDs.
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Figure 4.1: MNP-QD Nano-Ring and its Results
4.2 Hamiltonian of the MNP-QD Nano-Ring
The Hamiltonian of the MNP — QD nano-ring is expressed as follows.
H = Hy+ Hiy + Hyyi- (“.1)

Where the Individule terms are

N—-1
Hip = E thitFiI(ﬂA:;ﬁiH + ﬁ;;ﬁn]’r n#m
=0
N-1
=+ hI}rm(é’:am + ﬁ‘:;é’,,), n#Em (4.2)
n,m=0
N—1
=5 E I-hgmn(ﬁ:am + ﬁn&::): "
i, m=0
N—1 ' ; N-1 . )
Hdrl = _EQ E (Xzﬁue_!wdt +Xﬁ|tre!wdr) = EO.H Z (ﬁne_!wdf +a-:3{w‘ﬁ) (43)
=0 =0
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4.3 Expectation Values Of The MNP-OD Nano-Ring

Initially, we're figuring out how materials respond when exposed to a weak
magnetic field. To tackle this, we're working with steady-state MB matrix
equations, taking into consideration the unique features of each location in
the system.

Ad =Bo+¢ (4.4)

Dg=Ba+teé (4.5)

Where the ¢ and @ are vectors. Wher ¢ and @ at each site in the MNP — QD

nano-ring is

(@) (01)

A | @ o _ |02 .
@y [ 77 | o9 e
(ag) (6

Where the matrix A represents the MNP — MNP interactions in the MNP —

QD nano-ring which we can writer as

iy + 5 il iJ ih
A — "Jrl iAru"" K_;r;_'L ' ih . 5172 “.7)
i]> iy i, + - ifi
il i ih N, + T2

Here, J; represents the MNP-MNP coupling frequency, which has been de-
tailed in Chapter 2 and the matrix D represents the QD — QD interactions in
the MNP — QD nano-ring, given as

Where the I; , I, denote the closer and next-closer neighbor coupling fre-

quencies, respectively, which is defined as

u
L(2) = & Q1) (4.8)

The matrix B represents the coupling between MNP and QD, called coupling
matrix which is define as
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In this context, the coupling frequency g pertains to interactions between
MNP and QD when they are on the same site. On the other hand, g» corre-
sponds to the coupling between an MNP and its neighboring QD located at the
next nearest site. Referring to Figure 4.1(c), it is evident that the interactions
between same-site and next-nearest neighbors are transverse, as indicated by
the value S = -1. Because of the external electric field in the azimuthal direction
stimulating the ring, the QD located on the same site and those at the neigh-
bor site relative to each MNP are compelled to move in opposite directions.
Consequently, their oscillations are in anti-phase, a characteristic reflected by
the negative values within the matrix. We observe that the next-nearest neigh-
bor QD plays a role in diminishing the impact of the same-site QD on each
MNP. Fano interference still occurs due to the stronger same-site interaction
frequency. Likewise, the QDs situated as nearest neighbors to a MNP also ex-
hibit with differents relationship. In such scenario, their interaction frequency
is identical, resulting in a cancellation of their combined effect on the MND.
Lastly, the vectors C and E symbolize the E,,; forces acting on the MNPs and
QDs, influenced by the induced E field.

The different sizes of the MNP and QD nano-rings, with sizes represented
by Ry and R, , we can use these equations to figure out how each MNP and
QD in the nano-ring behave in terms of their dipole moment.

Pune = X' = X (A o+ B(D—IJB) . (B(D"l)?Jr f) ; (4.9)

Pop = o1 = p (D + B(A™)B) ' (B(a )z +7). (4.10)

4.4 The Magnetic Polarizability Of the MNP — QD
Nano-Ring

The procedure which is use in chapter no.2 we calculate the magnetic dipole of
both the MN P and QD rings. The magnetic polarizability of the entire MNP —

QD nano-ring can be determined through the following expression a,,, = o
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4.5 Effective Permeability Of MNP-QD Nano-Ring

To calculate the (pt.4), we can utilize Equation (3.12) to compute the () of
a metamaterial constructed from MNP — QD nano-rings. Where the meta-
material’s (o) is illustrated in Figure 4.1(a), (b). Because of the red-shift ob-
served in the magnetic resonance of the MNP ring, as detailed in chapter 3
(refer to Fig. 3.1), adjustments were made to red-shift the QD resonances. This
modification was implemented to facilitate Fano interference. The MNP ring
possesses a radius of R1 = 38 nm, whereas the QD ring has a radius of R2 =
6 nm. Consequently, the separation between the MNP and QD on the same
site is d = 32 nm, a value consistent with the MNP-QD molecule discussed
in Chapter 2. However, it is evident that the Fano interference exhibited in
the effective permeability is more pronounced compared to what is observed
in the polarizability of an individual MNP-QD molecule (refer to Fig. 2.1).
This phenomenon arises from the interactions between multiple QDs in the
nano-ring and each MNP, whether through direct interaction or mediation via
MNP-MNP interactions. In Figure 4.1(d), we illustrate the transformation of
the real part of permeebility from positive to negative by introducing QDs in
the nano-ring design, achieved through Fano interference. Although the mag-
nitude of the Fano-affected Re( 1), when negative, may not be exceptionally
large, it is contingent upon the magnetic resonator’s strength. Nevertheless,
the resonance strength can be amplified by augmenting the number of sites in
the ring [? ].

It’s clear that integrating QDs into the MNP nanoring has effectively trans-
posed the distinctive Fano line shape of the meta-molecule onto the () of
the resulting meta-material. This means we have the power to adjust when cer-
tain effects happen. For example, in Figure 4.1(d), we can see that at a specific
point where MNP and QD interact, a dip in the response causes a -ve effect,
giving us more control over how the material behaves. Therefore, by actively
adjusting the detuning between the MNPs and the QDs, it becomes possible
to change the frequency at which the meta-material exhibits -ve permeability,
as demonstrated in Figure (4.2). Whever a trade-off for this adaptability: as the

QDs move away from the magnetic resonance, the range of frequencies show-
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Figure 4.2: Tunability Of the MNP-QD

casing the effect becomes narrower. The bandwidth (8) of the dip decreases
from 0.04 THz to 0.02 THz as we shift the QD away from the resonance of
the MNP nano-ring. Despite reduction, still stands when compared by experi-
ments with cold rubidium atoms in Electromagnetically Induced Transparency
(EIT), where the observed bandwidth is a mere 50 MHz [? ].

4.6 Fano Rasonance

Fano Resonance occurs when an allowed discrete energy state interferes with
an overlapping continuum of states, leading to an asymmetric line-shape in
the resulting spectrum show in Fig (4.3). Our calculations have been restricted
of the context of a weak field. However, to delve into the nonlinear properties
of the nano-ring metamaterial, we must now consider the influence of a strong
driving field.In the scenario where the MNP-QD meta molecule experiences
strong driving from an intense light field, there is a profound alteration in its
optical scattering properties. The driving field saturates the QD, leading to the
disappearance of its interaction with the MNP field. The emergence of this non-
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linear Fano effect is beyond the predictive capacity of classical or semiclassical
theories. It has been explored in prior studies of isolated MNP — QD systems
and more recently observed in quantum-well structures [? ? |. In Figure 4.3, we
deliberately chose parameters for our investigation to demonstrate this partic-
ular effect in a single MNP — QD system within the nano-ring. Both the MNP
and the QD experience the same external field. Progressing from the top row
to the bottom row, it becomes apparent that with increasing field intensity, the
characteristic Fano dip in the meta-molecule’s polarizability diminishes due to
the saturation of the QD population. These findings were obtained by numeri-
cally solving the full master equation, which entails solving the eigenproblem.

L(pss) =0 (4.11)

In this context, gss denotes the density matrix of the system in the Non-
Equilibrium Steady State (NESS). The difficulty stems from the unbounded
dimensions of the boscnic MNP field mode, which is characterized by an infi-
nite Hilbertspace. Toaccount for the non-classical behavior of the system, each
dimension of the MNP field’s Hilbert space is truncated with a lower bound
set at d = 15. Resolving this challenge aligns with the quantum optics toolkit
established by Tan. [? ].

While our nano-ring consists of a minimum of 4 MNPs, resulting in a vast
combined Hilbert space, the current computational demands limit a compre-
hensive exploration of the saturation of the nanoring. Despite these compu-
tational constraints, if the QD in the MNP — QD metamolecule reaches satu-
ration, a similar saturetion is logically expected when coupled to the MNPs
in the nanoring. The integration of ODs into the MNP nanoring induces a
negative permeability at their resonance frequency, as depicted in Fig. 4.1 and
Fig. 4.2. Consequently, if the QD is saturated by a distinct control field, the
permeability could be manipulated and varied with light intensity, transition-
ing between positive and negative values. In future investigations, techniques
from many-body quantum systems may be combined with our formalism to

facilitate more manageable computations [? |.
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Figure 4.3: Examining the nonlinear characteristics of the MNP — QD meta-
molecule, we compare the imaginary (a), (c) and real (b), (d) components of the
polarizability. The upper row illustrates the response to a weak external driv-
ing field Egp = 0.0001, meV, while the lower row demonstrates the behavior

under a strong driving field Egu = 0.1,

detuning is fixed at A = 0.195 x 10'*,rad s~

meV. In both scenarios, the MNP — QD
1
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Chapter 5
Conclusion

When combined with two-level quantum dot systems, the quantum optical
framework designed for the negative permeability metamaterial has revealed
important new information. Notably, the overall magnetic properties of the
metamaterial have been observed to be influenced by the detection of Fano
interference inside the hybrid structure of metamaterial and quantum dots.
This phenomena has been used to control the metamaterial’s characteristics,
demonstrating possible real-world uses. Furthermore, the study of nonlin-
ear Fano effects at high driving conditions has uncovered fascinating dynam-
ics in the nano-ring. On the other hand, difficulties have surfaced in obtain-
ing autonomous control over the distributed fields of electric and magnetic
energy. Future studies aiming at combining magnetic nanoring resonators
with a broadband negative permittivity background are now necessary as a
result of this. Control over the metamaterial’s refractive index and dynamic
modifications of its magnetic response may be made possible by such an in-
tegration. In metal nanoparticle (MNP) fields, the significance of taking re-
alistic damping into account has been emphasized. Various potential solu-
tions have been suggested, such as including gain materials or alternative
nanostructures. Strongly polarized plasmonic nanostructures that are com-
plex have been suggested as workable substitutes that preserve the qualitative
aspects of the theoretical framework. It has been shown in a different study
that it is possible to engineer and control the optical fluorescence spectra of
the MINP-QD molecule by using a quantum-squeezed reservoir. The results
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CONCLUSION

have demonstrated the tunability of spectrum characteristics, including fluo-
rescence quenching, amplification, narrowing, and Fano-type resonance fluo-
rescence. The ability to modify the quantity and orientation of fluorescence
peaks has been highlighted, indicating possible uses of the hybrid MNP-QD

system in optical modulation, lasing, switching, and sensing,.
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